I. Introduction
===============

The ultrafiltration of plasma in the kidneys occurs through the capillary wall of glomerulus. The filtration barrier is composed of glomerular endothelial cells (ECs), the glomerular basement membrane (GBM), and podocytes. These three layers of the capillary wall must function on preventing the protein leakage to urine, and these layers destruction result in proteinuria. Podocyte dysfunction leads into the other slit structures. In normal kidneys, the fenestrated ECs play a major role in modulation of factors regulating vascular tone and glomerular filtration, reactive oxygen species, pro-thrombotic and anti-thrombotic factors and fibrosis \[[@B5]\]. EC injury and dysfunction sometimes result in cell necrosis and apoptosis as well as swelling and the detachment of ECs from the GBM \[[@B8]\].

So far, ICGN strain has been used as a mouse model of proteinuria and chronic kidney disease (CKD) \[[@B13], [@B19], [@B22], [@B26]\]. Genetic analysis defined that a mutation of *tensin2* might cause the truncated protein, along with failure of the glomeruli to maintain expression of tensin2 \[[@B3]\]. Tensin2 is important for podocyte functions, and thus tensin2 deficiency may result in proteinuria, associated with the loss of slit integrity \[[@B12]\]. The podocyte proteins, nephrin and synaptopodin, were decreased in the glomerular tufts of nephrotic mice, especially in the central zone \[[@B12]\]. Taken together with recent and previous observations \[[@B12], [@B13], [@B19], [@B22]\], we have emphasized that podocytic abnormality (including nephrin loss) might cause differentiation of mesangial cells (MCs) to myofibroblasts, a key player for matrix (ECM) production and fibrogenesis.

Concerning the major components of glomeruli (*i.e.*, GBM, podocytes, ECs), Ogura *et al.* firstly reported the abnormal GBM (thickness with the increase in ECM) and the loss in foot process by podocytes in the ICGN mice \[[@B26], [@B27]\]. Our group delineated the early onset of podopathy (or podocytopenia) \[[@B12]\]. On the other hand, emerging evidence indicate the critical role of endothelial-mesenchymal transition (EndoMT) in tissue fibrogenesis \[[@B28]\]. Although glomerular EC plays a key role for renal homeostasis, little is known about the behavior of glomerular ECs in the nephrotic ICGN mice, a congenital model of diffuse glomerulosclerosis (GS) \[[@B22]\]. In the present study, we found the decrease in glomerular ECs and this was, in part, associated with the EndoMT, as discussed later.

II. Materials and Methods
=========================

Animals
-------

The ICGN/Oa mice were kept at 21 ± 2°C and 40 ± 5% humidity, and fed a commercial diet (MF; Oriental Yeast, Tokyo, Japan) \[[@B12], [@B13]\]. The heterozygotes (+/nep) were prepared by mating between homozygous (nep/nep) males and heterozygous (+/nep) females. To determine the natural course of glomerular morphology, the heterozygotes and homozygotes were subjected to autopsy at the ages of 5 and 20 weeks. All animal experiments were carried out according to the Guideline for Experimental Animal Care issued by the Prime Minister's Office of Japan and approved by the Committee on Animal Experimentation of Osaka University.

PAS stain and Immunohistological analysis
-----------------------------------------

Right kidney removed at each autopsy was fixed in cold 10%-buffered formaldehyde and 70% ethanol for 24 hr respectively. Transversally trimmed kidney tissues were submitted to a routine process for paraffin embedding. The renal sections were prepared, deparaffined, stained with PAS (Periodic-acid Schiff) for glomerular histology. To detect the glomerular proteins, anti-nestin IgG (1:500, BD Pharmingen, La Jolla, CA), anti-PECAM-1 IgG (1:500, BD Pharmingen), anti-VE-cadherin IgG (1:200, C-19, Santa Cruz Biotechnology, Santa Cruz, CA), and anti-α-SMA IgG (1:200, DAKO, Glostrup, Denmark) were used, respectively. For nestin staining, 10% formalin-fixed sections were used, and antigen retrieval was performed by using 1 mM EDTA at pH 8.0 at 121°C for 5 min. For PECAM, VE-cadherin, and α-SMA staining, 70% EtOH-fixed sections were used, as reported \[[@B13], [@B21]\]. The sections were dewaxed and then followed by incubation with 10% normal serum for 30 min. The sections were incubated at 4°C for overnight with primary antibodies. The sections were washed with PBS, followed by the secondary antibodies (1:600, Alexa488-conjugated or Alexa546-conjugated IgG, Invitrogen, CA) at room temperature for 20 min. The nuclear counterstain reagent TO-PRO-3 iodide (Invitrogen) was applied. The sections were mounted with crystal mount (Biomeda, CA) and observed under an LSM5 PASCAL confocal microscope (Zeiss, Germany).

For DAB staining of VE-cadherin and nestin, the sections were incubated at 4°C for overnight with the primary antibodies. The sections were washed with PBS and incubated with biotin-labeled anti-mouse and anti-goat antibody (Vector, Burlingame, CA) for 1 hr at room temperature. Avidin-biotin coupling reaction was performed on the sections using a kit (Elite®, Vector). All antigens were visualized as brown with DAB (Nacalai, Kyoto, Japan). We counted the number of glomerular ECs (*i.e.*, VE-cadherin-positive cells), or of podocytes (*i.e.*, nestin-positive cells), according to the previous reports \[[@B12], [@B24]\].

III. Results
============

Glomerular morphology and nestin localization
---------------------------------------------

We examined the morphology of glomeruli in the ICGN/Oa mice by PAS staining. The glomeruli of non-nephrotic (+/nep) mice seemed to be normal ([Fig. 1](#F1){ref-type="fig"}A, C), but nephrotic (nep/nep) mice exhibited the glomerular sclerosis at 5 weeks of age ([Fig. 1](#F1){ref-type="fig"}B). The sclerotic lesions (in particular, hypertrophy with glomerular segmentation) became more severe at 20 weeks of age, with the thicken GBM ([Fig. 1](#F1){ref-type="fig"}D). The number of glomerular cells was then decreased in the nephrotic (nep/nep) mice, but more than half of glomerular cells remained \[[@B12]\]. We then examined the expression of nestin protein in the kidney as a histological marker of podocytes \[[@B34]\]. In the non-nephrotic (+/nep) mice, nestin was localized in the whole area of glomerular tuft ([Fig. 1](#F1){ref-type="fig"}E, G). In the nephrotic (nep/nep) mice, nestin was localized mainly in the marginal and peripheral areas of glomerular tuft at 5 and 20 weeks of age, respectively ([Fig. 1](#F1){ref-type="fig"}F, H). There were significant differences in the number of nestin-positive glomerular cells between non-nephrotic and nephrotic mice in each age (5 weeks: 7.31 ± 0.77 vs. 6.18 ± 0.49, p\<0.01; 20 weeks: 5.33 ± 0.38 vs. 0.76 ± 0.14, p\<0.001), being similar to our report showing the "podocytopenia", as evidenced by WT1-positive or synaptopodin-positive staining \[[@B12]\].

A decrease in glomerular ECs during the progression of glomerulosclerosis
-------------------------------------------------------------------------

Several lines of evidence indicate that renal capillary loss is one of the most key events for accelerating CKD. We used VE-cadherin as a histological marker to detect glomerular ECs \[[@B31]\]. Indeed, we confirmed that this marker was localized along the capillary lumen (*i.e.*, inside of synaptopodin-positive podocytic foot process) (not shown), and such a staining pattern was similar to the previous report \[[@B31]\]. In the non-nephrotic (+/nep) mice, the number of glomerular ECs (*i.e.*, VE-cadherin-positive cells) remained unchanged between 5 and 20 weeks after birth ([Fig. 2](#F2){ref-type="fig"}A, C). In contrast, there was a gradual decrease of the glomerular ECs in the nephrotic ICGN (nep/nep) mice ([Fig. 2](#F2){ref-type="fig"}B, D). There was a significant difference in the number of glomerular ECs (5 and 20 weeks of age) between the normal and nephrotic groups ([Fig. 2](#F2){ref-type="fig"}E).

This result was also reproduced of the fluorescence methods for detecting PECAM-1 ([Fig. 3](#F3){ref-type="fig"}). PECAM-1 was tightly localized in the whole glomerular tuft of the non-nephrotic mice (+/nep) ([Fig. 3](#F3){ref-type="fig"}A, C). Likewise, PECAM-1 was recognized in the whole glomerulus of nephrotic (nep/nep) mice at 5 weeks of age ([Fig. 3](#F3){ref-type="fig"}B). However, PECAM-1 expression became sparse in the glomeruli ([Fig. 3](#F3){ref-type="fig"}D). Of note, the PECAM-1 expression was observed at the center of glomerular tuft in nephrotic mice. These results indicate that the number of glomerular ECs gradually decreased, according to the progressions of glomerular sclerosis.

The possible EndoMT in the glomeruli of nephrotic ICGN/Oa mice
--------------------------------------------------------------

We predicted that EndoMT might be involved in the loss of ECs. To test our hypothesis, the double staining of PECAM-1 (*i.e.*, EC marker) and α-SMA (*i.e.*, myofibroblast marker) was performed for the renal tissue section. In the non-nephrotic (+/nep) mice, PECAM-1 is tightly expressed in the whole glomerular tuft, but α-SMA existed along the capillary area ([Fig. 4](#F4){ref-type="fig"}A--C). In contrast, α-SMA was strongly localized in the whole glomerular tuft of nephrotic (nep/nep) mice ([Fig. 4](#F4){ref-type="fig"}E), being same as the previous results obtained with an immunoperoxidase-based staining method \[[@B13], [@B21], [@B22]\]. Of note, some PECAM-1-positive fluorescence signals were also detectable among the α-SMA-positive cell population ([Fig. 4](#F4){ref-type="fig"}), thereby suggesting the possible involvement of EndoMT in glomelular sclerogenesis, as discussed below.

IV. Discussion
==============

Glomerular ECs play key roles as an interface of vascular tissue structure and body fluid, or as a regulatory barrier for blood clearance \[[@B8], [@B35]\]. Indeed, clinical and experimental studies revealed that a decrease in glomerular ECs correlates with renal dysfunction \[[@B6], [@B9], [@B24], [@B25]\], leading to hypoxic and fibrotic events. With regard to this, recent studies revealed that EndoMT is, in part, responsible for tissue fibrosis under chronic injuries in hearts \[[@B37]\] and lungs \[[@B1]\]. Notably, EndoMT is also involved in renal fibrogenesis during CKDs. Indeed, confocal microscopy revealed that EndoMT was seen in tubulo-interstitial space, rather than glomerular area, in rodent models of CKDs, such as diabetic nephropathy \[[@B16], [@B18]\], obstructive nephropathy (UUO) or Alport syndrome \[[@B38]\], and adenine-induced CKD \[[@B35]\]. However, little is known about the onset of EndoMT in GS, possibly due to a lack in typical models of GS.

In the late 1990s, we identified the nephrotic ICGN mice as a unique model of multi-focal and global GS \[19--22\]. This strain manifests diffuse GS at lease from 3 weeks after birth, along with a high level of urinary albumin (\>20 mg/ml). Indeed, GS index is more than 3 in 6--10 weeks of age with global myofibroblastosis \[[@B19], [@B22]\]. Using this model of severe GS, we found the decrease in glomerular ECs during CKD, and such a capillary loss seems to be linked to the progression of tubular atrophy, fibrosis and renal failure, as reported \[[@B19], [@B21], [@B23]\]. Considering that prevention of endothelial dysfunction can be a therapeutic target for CKD \[[@B7]\], the reduction in glomerular ECs may trigger the downstream events, such as tubular atrophy and renal failure \[13, 19, 21--23\]. Indeed, attenuation of renal capillary loss by HGF leads to producing the therapeutic effects of CKD (unpublished data), convincing a role of ECs for renal homeostasis.

One of the most important findings in this study is that EndoMT is involved not only in peri-tubular areas \[[@B18], [@B35], [@B38]\] but also in glomerular areas. The co-localized expression of α-SMA with PECAM-1 implies the involvement of EndoMT in GS development, as reported during arterial sclerogenesis in a rat model of CKD \[[@B35]\]. Among growth factors, TGF-β1 is known to induce a differentiation of ECs into myofibroblasts *in vitro* \[[@B17], [@B37]\] and *in vivo* \[[@B10], [@B18]\], possibly via Smad3 activation. In our mouse model (ICGN strain), TGF-β1 up-regulation becomes evident in the infiltrated macrophages or resident cells, especially in the sclerotic glomeruli \[[@B21], [@B33]\]. Our chronological study indicated that TGF-β1 levels were \>3-fold higher in the 20-week-old nephrotic mice than in the non-nephrotic littermates (in preparation). Thus, it is likely that glomerular ECs are converted to myofibroblasts via a paracrine system of macrophage- or mesangium-released TGF-β1 (i.e., *in situ* differentiation).

It is important to find the decrease in the number of glomerular cells *per se* in our model, during the CKD progression \[[@B13], [@B19], [@B22]\]. This was associated with the increase in apoptotic cells, including glomerular ECs (not shown), as reported in other models of CKD \[[@B15], [@B29], [@B30]\]. TGF-β is critical for the induction of apoptosis in ECs *in vitro* \[[@B32]\] and *in vivo* \[[@B4]\]. In our mouse model, TGF-β expression becomes evident in sclerosing glomeruli \[[@B21], [@B33]\]. Together, we predict that mesangium-derived TGF-β may, in addition to EndoMT, be contributable to the capillary loss, partly via inducing apoptosis. PECAM-1 is known to inhibit TGF-β-mediated apoptosis via cross-talk pathways between MCs and ECs, whereby MC β8-integrin sequesters TGF-β \[[@B14]\]. Thus, loss in PECAM-1 may be associated with the possible enhancements of TGF-β-mediated pathological actions, including EndoMT, apoptosis and fibrosis. In our model, podocytopenia becomes evident at 20 weeks after birth, along with the TGF-β1 up-regulation. TGF-β1 is critical for conversion of podocytes to myofibroblasts \[[@B2]\]. The potential contribution of TGF-β1 to podocytepenia (including the conversion pathway) warrants future attentions.

A *tensin2* mutation is responsible for the renal phenotypes of ICGN mice \[[@B3], [@B12]\]. Thus, we will discuss the role of tensin2-deficiency in the illness events (including ECs loss). Tensin2 is expressed in podocytes, rather than in ECs or mesangial cells, indicating the initial event in podocytes (*i.e.*, loss in nephrin stabilization \[[@B12]\]). Under such a nephrin-reduced condition, albuminuria becomes evident, and then inflammatory cells (such as macrophages) infiltrates into renal interstitial areas, followed by TGF-β1 up-regulation. Collectively, we predict that macrophage-secreted TGF-β1 is crucial for CKD progression under the tensin2-deficiency as follows: (i) induction of EndoMT in ECs for further sclerogenesis; (ii) apoptosis-mediated vessel loss; and (iii) local hypoxia with a decline in glomerular filtration rate. We are now under the process of investigating the localization and roles of tensin2 in renal resident cells.

Emerging evidence shows that glomerular capillary loss or injury is a histological hallmark of advanced CKD in humans and animals \[[@B6], [@B9], [@B25], [@B36]\]. So far, resident MCs and podocytes have been believed to be a candidate to cellular origins of glomerular myofibroblasts \[[@B2], [@B11]\]. Since the nephrotic ICGN mice manifest GS even if peri-tubular fibrosis is negligible \[[@B19]\], EndoMT seems to be contributable for GS itself, rather than peri-tubular fibrosis. Giving that a small population of ECs undergoes EndoMT in (+/nep) mice, we cannot exclude a possibility that the differentiated cells (*i.e.*, EC-like mesenchymal cells) may be propagated in response to fibrogenic regulators (such as PDGF or TGF-β \[[@B21]\]) in the nephrotic (nep/nep) mice. Although further studies are necessary for elucidating the molecular mechanism of capillary loss, we at least emphasize that ECs can be a source of glomerular myofibroblasts during CKD.
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![Histological images of glomeruli and podocyte-specific protein at 5 and 20 weeks of age. (**A--D**) PAS stain, (**E--H**) nestin stain. (**A, E**) 5W of heterozygotes, (**B, F**) 5W of homozygotes, (**C, G**) 20W of heterozygotes, (**D, H**) 20W of homozygotes. Bars=20 μm.](AHC14032f01){#F1}

![Immunohistochemical images of VE-cadherin at 5 and 20 weeks of age. (**A**) 5W of heterozygotes, (**B**) 5W of homozygotes, (**C**) 20W of heterozygotes, (**D**) 20W of homozygotes. (**E**) Quantification of VE-cadherin-positive cells per glomerulus. All data are expressed as mean ± SD (n=6). Statistical analysis: \*p \< 0.05, \*\*\*p \< 0.001 as compared with age-matched heterozygous mice. Bars=20 μm.](AHC14032f02){#F2}

![Immunofluorescence images of PECAM-1 (green) at 5 and 20 weeks of age, and counterstained with TO-PRO-3 (blue). (**A**) 5W of heterozygotes, (**B**) 5W of homozygotes, (**C**) 20W of heterozygotes, (**D**) 20W of homozygotes. Bars=20 μm.](AHC14032f03){#F3}

![Fluorescence images of PECAM-1 (green) and α-SMA (red) in the heterozygotes (**A--C**) and homozygotes (**D--I**) at 20 weeks of age. Bars=20 μm (**A--F**), 5 μm (**G--I**). Note: Very few populations of glomerular ECs seem to acquire mesenchyme-like phenotype (arrowhead), while EndoMT becomes evident in the glomerulus of nephrotic mice (arrow).](AHC14032f04){#F4}
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